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Zero drift and solid Earth tide corrections to static relative gravimetric data cannot be
ignored. In this paper, a new principal component analysis (PCA) algorithm is presented to
extract the zero drift and the solid Earth tide, as signals, from static relative gravimetric
data assuming that the components contained in the relative gravimetric data are un-
correlated. Static relative gravity observations from Aug. 15 to Aug. 23, 2014 are used as
statistical variables to separate the signal and noise with PCA to obtain desired signals. The
results of the linear drift extracted by PCA are consistent with those calculated by the least
squares linear fitting, and the differences only reach to 102 mGal/day order of magnitude.
Furthermore, PCA is used to estimate the solid Earth tide from the relative gravimetric data
corrected by the zero drift. The statistical results are consistent with the results derived
from the solid Earth tide correction provided by the internal software of the CG-5 gravi-
meter (SCINTREX Limited Ontario Canada). The statistical results of the differences be-
tween the two methods are both less than 8 mGal, and the RMSs for 9 days are all less than
5 mGal.
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hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).al Natural Science Foundation of China (41374009), the Public Benefit Scientific Research
g Natural Science Foundation of China (ZR2013DM009), and the SDUST Research Fund
and Geomatics, Shandong University of Science and Technology, Qingdao 266590, China.
o J.).
ute of Seismology, China Earthquake Administration.
ier on behalf of KeAi
ina Earthquake Administration, etc. Production and hosting by Elsevier B.V. on behalf of KeAi
ss article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
g e o d e s y and g e o d yn am i c s 2 0 1 5 , v o l 6 n o 2 , 1 4 3e1 5 01441. Introduction
The relative gravimetric data include effects of Earth tide,
atmospheric pressures, hydrology, instrument height, zero
drift, and scale value correction [1,2]. The tidal correction for
gravity measurements is the most important correction,
which can be asmuch as ±300 108m/s2 [3,4]. The ocean tide
loading has a greater influence on the high precision relative
gravimetric measurement on coastal areas and between
islands, which can be up to ±10  108 ms2-level. With the
increase of distance away from the coast to land, the ocean
loading effect is gradually reduced [5,6]. The ocean tide
loading effect, which is only 1  108 ms2-level, is smaller on
the mainland. Generally, this small effect can be negligible in
the relative gravimetry [7,8]. The solid Earth tide is the solid
Earth's response to the tidal forces generated by the Sun and
the Moon. The Earth's external and internal shape is always
periodically changing. The study on Earth tide is important
[9e15] because it can provide an effective way to detect the
Earth's internal dynamics and implement the inversion of
Earth's internal structure. It is an effective constraint on the
oscillation in the interior of the Earth, the Earth's liquid core
resonance parameters, and the Earth's rotation. It can also
provide an important method for explaining the surface mass
migration (such as air, sea, and land water) and various kinds
of regional environmental effects. The standard method
generally adopted to calculate gravity tidal parameters is
ETERNA [16,17]. With a lot of functions, such as filtering,
spectral analysis, and regression analysis, the tidal data pre-
processing software Tsoft [18,19] can directly modify various
kinds of interference that makes the observational data pre-
processing convenient and intuitive. In addition, the gravity
measurement accuracy of the elastic gravimeter is mainly
restricted by the instability of metal or quartz spring, that is,
zero drift. CG-5 gravimeter's fused quartz elastic system with
a good linear drift can accurately determine its static zero
drift. Consequently, the zero drift influence can be effectively
corrected [2,20]. Therefore, obtaining linear drift and the solid
Earth tide from CG-5 gravimeter static observation becomes
particularly important.
CG-5 relative gravimeter is a new type of digital gravimeter
produced by Canada Scintrex Company. This gravimeter
adopts a microprocessor device, which can realize automatic
measurement. As the sensor is designed with no static fused
quartzspring, thegravimeter'sdesignaccuracy is5108m/s2,
and reading resolution is 1  108 m/s2 [21].
In this paper, principal component analysis (PCA) will be
used in an experimental study to estimate the zero drift and
the solid Earth tide from static gravimetric data. Observations
by CG-5 gravimeter are used as statistical variables. Assuming
that the components in the static relative gravimetric data are
uncorrelated, the zero drift and the solid Earth tide extracted
by PCA arewithin the signals. Thenwe estimated the zero drift
and the solid Earth tide with PCA by separating the signal and
noise. Two groups of experimental data will be used in the
experiment. The original observations obtained by CG-5
gravimeter have been implemented the solid Earth tide
correction but not the drift correction. After smoothing, the
original observations are the first data series. The method ofPCA will be applied to the first data series to extract the linear
drift. The linear drift derived from PCA will be used for
comparative analysis with the results calculated by the least
squares linear fitting (LSLF). The solid Earth tide provided by
CG-5 gravimeter internal tidal model will be added to the first
data series after the daily zero drift correction obtained from
PCA, and then the seconddata series are obtained. Themethod
of PCAwill be applied to the second data series to estimate the
solid Earth tide. The reliability of PCA will be verified through
comparative analysis of the estimated results from PCA and
the results derived from the solid Earth tide correction (SETC)
provided by CG-5 gravimeter internal software.2. Analysis method
Principal component analysis [22e26] of gravity observa-
tions is based on the covariance matrix. The observations by
CG-5 gravimeter are used as originals values so that new
statistical variables can be obtained by a linear trans-
formation. The new variables are statistically uncorrelated.
The main purpose of PCA is to extract information by sepa-
rating unrelated components and data reduction. In this
paper, according to the PCA principle, the solid Earth tide and
the linear drift are considered signals. Assuming that original
gravimetric variables are G ¼ ðG1; G2; /; GnÞT and the new
variables PCAG ¼ ðPCA1; PCA2;/; PCAnÞT are obtained by G
after a linear transformation; we can get the linear model:
PCAG¼ GE (1)
where E is the linear transformation matrix calculated by the
covariance matrix of statistical variables from the relative
gravimetric data. Assuming that the covariance matrix,
P
G, is
an n-order symmetric matrix and solving eigenvalue and
eigenvector of the matrix,
P
G, it can be decomposed intoX
G
¼ EDET (2)
where D is a diagonal matrix, whose elements are l1, l2 … ln,
which are eigenvalues of the matrix
P
G, and equal to the
variances of the corresponding principal components. Their
relationship is l1l2 … ln. E is an orthogonal matrix
composed of eigenvectors [24,25]. Therefore, by equation (1),
the original observations G can be expressed as
G ¼ PCAGET (3)
The first k principal components and the reconstructed
variables contain some information. The amount of infor-
mation can be measured by the cumulative contribution
percent, a, which is the proportion of the variance of the first k
principal components that accounts for a portion of the total
variance. It can be expressed as
a ¼
Xk
i¼1
li
,Xp
i¼1
li  100% (4)
where li is the ith eigenvalue, p is the total number of the ei-
genvalues, and k is the number of the selected eigenvalues.
We select the new variable PCAGK ¼ ðPCAG1 ; PCAG2 ;/; PCAGKÞ
whose elements correspond to relatively large eigenvalues to
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extracting information [25,26]:
GPCA¼ PCAGKET (5)
where ET is a k-order matrix composed of the selected
eigenvectors.3. Preprocessing of static relative gravity
observations
The static gravimetric observations were obtained from
nine-day observations at one fixed station by the CG-5 gravi-
meter (serial number 140541221) fromAug. 15 to Aug. 23, 2014.
The data from the first day at 9:21 AM to the following day atTable 1 e Statistical results of the residuals of the original data and the smoothing data with different moving windows
(mGal).
3 4 5 7 9 11 13 15 20
MAX 0.003 0.003 0.003 0.004 0.004 0.004 0.004 0.005 0.005
MIN 0.003 0.004 0.003 0.003 0.003 0.003 0.003 0.003 0.004
RMS 0.0007 0.0007 0.0006 0.0007 0.0007 0.0007 0.0007 0.0007 0.0008
Fig. 1 e Eigenvalues corresponding to nine modes in the
zero drift estimation.9:20 AM is a time series, and in this period, observations are
regarded as a statistical variable. Because the instrument it-
self has the function of seismic filtering, the low-frequency
noise can be filtered and the high frequency noise that is six
times higher than the standard deviation can be discarded.
Moreover, using a 6 Hz sample frequency (a time resolution of
1 s), 360 gravimeter readings of 1min can be averaged to give a
final reading that allows for temperature compensation and
tilt correction. Therefore, every day we can collect1440 gravi-
metric readings in the same period of time.
We considered the components of concern as signals, and
others as noise. Gravity measurements on nine consecutive
days from the same period of time each day inevitably contain
similar components, including signals and noises. The signals
(such as the solid Earth tide) contained in every day's mea-
surements are different and the signals also inevitably differ
(in scale) from the noises. Assuming that the signal and noise
are uncorrelated, we regarded the time series of Aug. 15 to
Aug. 23 as the nine statistical variables and themethod of PCA
is applied to separate the signal and noise.
Two data sets are used in the experiment, as explained in
the last paragraph of Section 1. Corrected static relative
gravimetric data were obtained using PCA to separate the
signal and noise and extract the zero drift of the CG-5
gravimeter with the first data sets. PCA was used on the
second data sets to estimate the solid Earth tide by
separating the signal and noise.
Because there is substantial environmental interference
near the station, the gravimetric data that are collected
generally contain a small amount of high frequency interfer-
ence signals. These interference signals produce a precipitous
change that results in instability of the data and is not
conductive to the study of observation data. Therefore, a good
smoothing algorithm is used to pre-process the data, namely
the moving average. The moving average is equivalent to alow-pass filter, which lets the data go through an n-point filter.
It is pretty important to select its parameters, which directly
affect the data smoothing effect. If the selected parameters are
too small, the low-frequency random fluctuations cannot be
decreased because they are not averaged. So, these parame-
ters are not conducive for restraining the random error.
However, if the parameters are too large, the components of
high-frequency variations may be averaged and weakened
[27]. Table 1 lists the statistical results of the residuals of the
original data and the smoothing data with different moving
windows. Table 1 data combined with the actual changes for
the gravity observations, shows that the method of selecting
the size of five-point moving window to smooth data can
more successfully smooth and solve instability problems
such as the abrupt changes of observations.4. Static zero drift
First, we use the first data series as original statistical
variables to do an experimental study. If the daily data are a
statistical series that contains 1440  1 column vector ele-
ments, we can get a 1440  9 matrix from nine-day observa-
tions, namely, G ¼ ðDRIFTPCA15 ; DRIFTPCA16 ;/; DRIFTPCA23 Þ. After
getting the statistical variables, G, we can calculate linear
transformation matrix, E, composed of its eigenvectors by
equation (2). Furthermore, according to equation (1), we can
obtain nine modes of principal components and PCA
achieves the separation of signals and noises. Fig. 1 shows
the nine eigenvalues that are equal to the variances of the
corresponding principal components of gravity observations.
We need to find a point at which the remaining eigenvalues
are relatively small and close to the same value to
Fig. 2 e Eigenvalues corresponding to nine modes in the
solid Earth tide estimation.
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Fig. 1 we can see that relative to the first eigenvalue, the
other eight eigenvalues are very small and close to zero. The
numerical results show that the first mode of nine
components contributes to 99.8% of the total variation, in
other words, the first mode can summarize almost all
information of observations. Besides, the static zero drift of
the CG-5 gravimeter shows a good linear characteristic [20].
Combined with the analysis, the first mode can be
considered as the signal that may be the supposed zero drift,
while the other 8 patterns are noises.
Therefore, we choose the first mode PCA1, which is
considered as the signal separated by PCA, to reconstruct the
statistic, G, to estimate the linear drifts of nine days, respec-
tively. According to equation (5), the reconstructed equation
can be expressed as
GPCA¼ PCA1ET1 (6)
If equation (6) is unfolded in detail, then we can get:

DRIFTPCA15 ; DRIFT
PCA
16 ;/; DRIFT
PCA
23
 ¼ PCA1ðe11; e21;/; e91Þ
(7)
where DRIFTPCA15 ; DRIFT
PCA
16 ;/; DRIFT
PCA
23 are daily linear drifts
from Aug. 15 to Aug. 23, respectively. e11; e21;/; e91 are the
elements of the first column vector of matrix E, respectively.
PCA1 is the first mode of the principal components. Super-
script PCA denotes the zero drift estimated by PCA, and as we
can see, the PCA-estimated results from Aug. 15 to Aug. 23
only differ in scale. The reliability of themethod of PCA can be
verified by using the least squares linear fitting (LSLF) to
calculate the daily drifts for comparative analysis. Table 2
shows a comparison of results fromPCA and LSLF.
In Table 2, PCA and LSLF denote daily drifts obtained by
PCA and LSLF, respectively. P-L is the difference obtained by
subtracting LSLF from PCA. The results obtained from PCA,
shown in Table 2, are daily zero drift and P-L calculated by
PCA and LSLF shows good agreement because it only differs
by 102 mGal/day order of magnitude each day, respectively.
Therefore, the method of PCA proposed in this paper is
reliable to estimate daily drifts from CG-5 static gravity
observations. Meanwhile, Table 1 also shows that the daily
drifts significantly increased from Aug. 15 to Aug. 23, which
illustrates that the zero drift increases with time.Table 2 e Calculated results of daily zero drifts from Aug. 15 to Aug. 23 (unit:mGal/day).
Drift Day15 Day16 Day17 Day18 Day19 Day20 Day21 Day22 Day23
PCA 0.133277 0.144443 0.155246 0.167215 0.181870 0.194861 0.213034 0.220848 0.230340
LSLF 0.133350 0.144491 0.155281 0.167203 0.181858 0.194822 0.213045 0.220832 0.230306
P-L 0.000073 0.000048 0.000035 0.000012 0.000012 0.000039 0.000011 0.000016 0.0000345. Solid Earth tide
The daily drifts calculated by PCA are used to linearly
correct the first data series. Then, the second data series can
be obtained. These data series are regarded as original sta-
tistical variables with PCA to achieve the estimation of thesolid Earth tide. If the daily data are statistical variables con-
taining 1440  1 column vector elements, then we can get a
1440  9 matrix from nine-day observations, namely,
G ¼ ðTIDEPCA15 ; TIDEPCA16 ;/; TIDEPCA23 Þ.
After getting the statistical variables, G, we can use equa-
tion (2) to calculate a linear transformation matrix, E, that is
composed of its eigenvectors. Then, according to equation
(1), we can obtain nine models of principal components. PCA
achieves the separation of signals and noises. Fig. 2 shows
nine eigenvalues [24] that are equal to the variances of the
corresponding principal components of the gravimetric data.
From Fig. 2, the first three modes are determined as
principal components, according to the relative value of
eigenvalues. The first principal component contributes to
65.2% of the total variation, the first two 94.8%, and the first
three 99.9% which can summarize almost all information of
gravity observations. Therefore, the first three modes match
the geophysical signals which may correspond to our
supposed solid Earth tide. Then we choose these three
modes to reconstruct the statistic G, to estimate the solid
Earth tide of nine days, respectively. Fig. 3 shows nine-day
time series after linear corrections. Fig. 3 illustrates that
there are three groups of curves having similar changes, for
example, on Aug. 15 and on Aug. 16, from Aug. 17 to Aug. 19,
and from Aug. 20 to Aug. 23. In addition, because of the tidal
influence, gravimetric observation curves fluctuate, and wecan find two peaks and two troughs each day [28]. It can be
inferred that the difference of the waveforms is caused by
different effects from the solid Earth tide of nine days and
other factors. The results of the first three modes by
superposition and centralized processing (PCA), when
compared with the solid Earth tide correction (SETC)
provided by the tidal model from CG-5 gravimeter, exactly
correspond to the value of tidal influences.
Fig. 3 e Gravimetric data time series of nine days after the linear correction. D15-D23 denotes the data from Aug. 15 to Aug.
23 each day, respectively.
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reconstruct G, it can be expressed as:
GPCA ¼
X3
i¼1
PCAiE
T
i (8)
If equation (8) is unfolded in detail, then we can get:0
BBBB@
TIDEPCA15
TIDEPCA16
«
TIDEPCA23
1
CCCCA ¼ ðPCA1; PCA2; PCA3Þ
0
B@
e11; e21;/; e91
e12; e22;/; e92
e13; e23;/; e93
1
CA (9)
where TIDEPCA15 ; TIDE
PCA
16 ;/; TIDE
PCA
23 are nine-day solid Earth
tide fromAug. 15 to Aug. 23, respectively. e1i; e2i;/; e9i are theFig. 4 e Time series of the solid Earth tide derived froelements of the ith column vector of matrix E, respectively.
PCAi is the ith mode of the principal components, i ¼ 1,2,3.
Superscript PCA denotes the solid Earth tide estimated by PCA.
The PCA-estimated results only differ in scale. Fig. 4 shows the
time series of the solid Earth tide derived from PCA and SETC
from Aug. 15 to Aug. 23. Table 3 lists the statistically
comparative results of two kinds of methods from Aug. 15 to
Aug. 23.
In Table 3 and Fig. 4, PCA denotes the PCA-derived results,
SETC denotes the SETC-derived results, and PeS is the
difference by subtracting SETC from PCA. As can be seen
from Table 3, the PCA-estimated results are consistent with
those that are SETC-derived, with the difference being lessm PCA and SETC from Aug. 15 to Aug. 23 (mGal).
Table 3 e Statistical results of the solid Earth tide derived from PCA and SETC from Aug. 15 to Aug. 23 (mGal).
Date Statistics PCA SETC P-S Date Statistics PCA SETC P-S
MAX 0.0775 0.0770 0.0007 MAX 0.0753 0.0770 0.0002
MIN 0.0827 0.0790 0.0043 MIN 0.0716 0.0690 0.0049
Day15 MEAN 0.0000 0.0028 0.0028 Day16 MEAN 0.0000 0.0022 0.0022
RMS 0.0464 0.0457 0.0032 RMS 0.0426 0.0425 0.0023
STD 0.0464 0.0457 0.0015 STD 0.0426 0.0424 0.0009
MAX 0.0792 0.0800 0.0013 MAX 0.0890 0.0880 0.0038
MIN 0.0609 0.0590 0.0030 MIN 0.0526 0.0520 0.0023
Day17 MEAN 0.0000 0.0011 0.0011 Day18 MEAN 0.0000 0.0002 0.0002
RMS 0.0430 0.0431 0.0014 RMS 0.0457 0.0459 0.0013
STD 0.0430 0.0431 0.0008 STD 0.0457 0.0459 0.0013
MAX 0.1008 0.0990 0.0048 MAX 0.1118 0.1090 0.0070
MIN 0.0501 0.0510 0.0018 MIN 0.0551 0.0560 0.0020
Day19 MEAN 0.0000 0.0014 0.0014 Day20 MEAN 0.0000 0.0024 0.0024
RMS 0.0492 0.0495 0.0020 RMS 0.0528 0.0529 0.0032
STD 0.0492 0.0495 0.0014 STD 0.0528 0.0528 0.0022
MAX 0.1220 0.1170 0.0056 MAX 0.1238 0.1200 0.0076
MIN 0.0629 0.0640 0.0001 MIN 0.0697 0.0720 0.0003
Day21 MEAN 0.0000 0.0028 0.0028 Day22 MEAN 0.0000 0.0035 0.0035
RMS 0.0571 0.0564 0.0031 RMS 0.0586 0.0584 0.0038
STD 0.0571 0.0563 0.0013 STD 0.0586 0.0583 0.0015
MAX 0.1242 0.1200 0.0080
MIN 0.0782 0.0780 0.0007
Day23 MEAN 0.0000 0.0038 0.0038
RMS 0.0606 0.0596 0.0043
STD 0.0606 0.0595 0.0021
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solid Earth tide of CG-5 static gravity observations. The
mean value of the solid Earth tide is near zero, while the
SETC-derived results deviate slightly from zero axes but the
positive and negative have good symmetry. The maximum
value of the solid Earth tide from Aug. 15 to Aug. 18 reaches
90 mGal, and the minimum value is about 80 mGal. The
maximum value of the solid Earth tide from Aug. 19 to Aug.
23 reaches 124 mGal, and the minimum value is less than
70 mGal. In addition, combined with the analysis results of
Figs. 3 and 4, the solid Earth tide has some certain regularity,
where there are two high tides and low tides each day.
Moreover, the high tides and low tides will be delayed for
some time. Standard deviations (STD) and root mean
squares (RMS) of PCA-derived solid Earth tide are close toFig. 5 e Nine-day gravimetric observations time series after zer
data from Aug. 15 to Aug. 23 each day, respectively.SETC-derived solid Earth tide, and the difference is only
101 mGal order of magnitude. The maximum value of PeS
calculated by PCA and SETC is less than 8 mGal, the
minimum value is less than 5 mGal, the mean value is near
zero with less than 3 mGal, and RMS is less than 5 mGal.
These statistical results indicate that the PCA-estimated
solid Earth tide is entirely consistent with those that are
SETC-estimated.
A linear drift correction and solid Earth tide correction are
made for gravimetric observations, which results in the nine-
day time series of Fig. 5. The repeatability STD of CG-5
gravimeter is 5 mGal [21]. Fig. 5 illustrates small changes for
the static relative gravimetric data after corrections each day.
The difference between the maximum and the minimum is
less than 5 mGal. In addition, this small change may beo drift and solid Earth tide correction. D15-D23 denotes the
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ocean tide loading, and nonlinear drifts. The static
gravimetric reading value of a station can be obtained by
averaging the corrected observations.6. Conclusions
In this paper, the PCA algorithm is applied to extract the
zero drift and solid Earth tide from static relative gravimetric
data by separating the relative gravimetric data components.
According to the PCA principle, the principal components of
concern are considered signals and the others are noises. The
zero drift and the solid Earth tide extracted by PCA are signals.
Two groups of experimental data were used in the study. At
the beginning, the gravimetric data was smoothed to pre-
process high frequency interference signals and any abruptly
changed points. PCAwas used to estimate the linear drift with
the first group of observations, and the first mode of nine
components contributed to 99.8% of total variation, which
summarizes almost all of the observations. According to nu-
merical results and analysis, the first mode matches the sig-
nals that correspond to the zero drift and othersmatch noises.
Therefore, PCA realizes the estimation of the linear drifts
which are compared with the LSLF-calculated results. The
difference of these two results is about 102 mGal/day. There-
fore, the method of PCA proposed in this paper is reliable to
estimate daily drifts from CG-5 static gravity observations.
Furthermore, the second group of observations after linear
drift correction applies PCA to separate the signals and noises,
achieving the estimation of the solid Earth tide. The first
principal component contributes to 65.2% of total variation,
the first two 94.8%, and the first three 99.9% which summa-
rizes almost all of the observations. Therefore, the first three
modes match the geophysical signals that correspond to the
solid Earth tide, and the other six modes match noises. Ac-
cording to numerical results and analysis, the results calcu-
lated by the first three modes are very consistent with the
SETC-derived results. The difference (PeS) calculated by sub-
tracting SETC from PCA is not greater than 8 mGal, and RMSs
are all less than 5 mGal.
Therefore, we demonstrate that use of PCA is effective for
estimating daily drift and the solid Earth tide. In the end,
based on the above calculated results, each data series after
drifts and solid Earth tide correction still has a small change,
but the difference of the maximum and the minimum is less
than 5 mGal. These changes were probably influenced by in-
strument measurement inaccuracies, the ocean tide, and the
quadratic term of zero drift. Some advanced methods should
be used to examine and assess every component in detail in
the future.r e f e r e n c e s
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